Introduction 26
Hydroxyapatite (HA) is a mineral of calcium and phosphate with the structural formula 27 (Ca 5 (PO 4 ) 3 OH) 2 . It has the ability to bind proteins by mixed mode interactions, 28 principally phosphoryl cation exchange with protein amino residues, and calcium 29 chelation with clusters of carboxyl residues (Gorbunoff, 1984a; 1984b; Gorbunoff and 30 Timasheff, 1984) . In the absence of phosphate, soluble calcium forms coordination 31 complexes with HA phosphate groups, converting them into secondary calcium groups 32 (Gorbunoff, 1984a (Gorbunoff, , 1984b Gorbunoff and Timasheff, 1984) . This abolishes phosphoryl 33 cation exchange while increasing the surface availability of calcium. The conversion to 34
Ca-HA remains stable in the absence of phosphate, and can be reversed by washing the 35 column with phosphate. Purification of Fab with phosphate gradients on native HA has 36 been known for at least 20 years (Bowles et al, 1988) . In this study we demonstrate that 37
Fab flows through Ca-HA while IgG, Fc, and most mammalian cell culture supernatant 38 (CCS) proteins bind by calcium affinity. 39 40
Materials and methods 41

Materials 42
The antibody used for these studies was Rituxan® (rituximab), an anti-CD20 chimeric 43 Hercules, CA. HA was packed into 1 mL (5 x 50 mm) and 2.5 mL (7.8 x 50 mm) 49
MediaScout® columns by ATOLL GmbH, Weingarten, Germany. All chromatography 50 experiments were performed on an AKTA® Explorer 100, GE Healthcare, Piscataway, 51 NJ. Ready Gel™ Tris-HCl (10 % acrylamide) was purchased from Bio-Rad Laboratories. 52
SeeBlue Plus2 Pre-stained molecular weight standard was obtained from Invitrogen, 53
Carlsbad, CA. 54 55
Procedures 56
Papain digestion of IgG 57
Purified IgG was digested with immobilized papain following the manufacturer's 58 instructions. Briefly, the antibody and immobilized enzyme gel were equilibrated 59 separately to 20 mM sodium phosphate, 10 mM EDTA, 20 mM L-cysteine, pH 7.0. The 60 antibody (100 mg) was added to 5 mL of immobilized enzyme gel slurry and incubated at 61 37˚C for 16 hr with end-to-end mixing. The reaction was stopped by raising the pH to 62 7.5, and the immobilized papain was removed by centrifugation. After digestion, the 63 preparation was dialyzed into 25 mM Tris, 50 mM sodium chloride pH 7.5, sterile 64 filtered, and stored at -20°C. 65 66
Chromatography on Ca-HA 67
A 2.5 mL HA column was converted to Ca-HA by equilibration with 2.5 mM calcium 68 chloride, 25 mM Hepes, pH 7.0, at a linear flow rate of 300 cm/hr (2.5 mL/min). 2 mL of 69 phosphate, pH 7.0. In a fourth run, one part sample was diluted in 9 parts IgG-depleted 82 mammalian cell culture supernatant and equilibrated to 2.5 mM calcium chloride. It was 83 applied to Ca-HA equilibrated to the same conditions. The column was restored to native 84 HA, eluted, and cleaned with a step to 500 mM phosphate, pH 7.0. 85 86
SDS-Polyacrylamide gel electrophoresis (PAGE). 87
Fractions from Fab purifications were analyzed by SDS-PAGE under non-reducing 88 conditions with a molecular weight standard. The proteins were stained with Coomassie 89 blue. Fab purity was estimated by densitometry. 
Results 93
Purified human monoclonal IgG was digested with immobilized papain, the immobilized 94 enzyme removed, and the fragment-containing supernatant applied to Ca-HA. Fab was 95 not retained, except for a fraction constituting less than 5% of the applied Fab. Fc and 96 residual IgG were retained and subsequently eluted in a phosphate gradient (Fig. 1) . The 97 same results were observed when the sample was applied in 1 M sodium chloride. Fab 98 bound to native HA and was eluted selectively when the column was converted to Ca-HA 99 (Fig.2) . Fc and residual IgG were also retained by native HA, but remained bound when 100 the column was converted to Ca-HA, and were eluted in a phosphate gradient after the 101 column was restored to native HA. Note the transient pH decrease that coincides with the 102 introduction of calcium, and the transient pH increase that accompanies re-introduction of 103 phosphate (arrows, Fig. 2 ). These pH transients provide a convenient indicator for 104 conversion of native HA to Ca-HA, and for restoration of Ca-HA to native HA. 105
Equilibration is complete when the transient passes. Fab diluted in mammalian CCS 106 passes through Ca-HA with an amber color, indicating the presence of small-molecule 107 media components, but most of the CCS proteins bound to Ca-HA along with Fc 108 (chromatogram not shown). Analytical PAGE indicated that the purity of the Fab was 109 96% from both the papain digest and from the digest diluted in CCS (Fig. 3) . 110 111
Discussion 112
In contrast to native HA, Ca-HA is devoid of surface phosphate groups for cation 113 exchange retention of proteins (Gorbunoff, 1984a (Gorbunoff, , 1984b Gorbunoff and Timasheff, 114 1984) . Retention of IgG and Fc fragments thus illustrates binding exclusively by calcium 
